Here, we recruited VASP and Arp2/3 in variable ratios to bead surfaces in order to control their relative contributions to the organization of the comet network. For bead preparation, a fixed amount of the C-terminal porSummary tion (VCA) of human Wiskott-Aldrich Syndrome protein (WASP), which binds and activates the Arp2/3 complex, For cells, the growth of a dense array of branched was combined with varying amounts of the proline-rich actin filaments organized by the actin-related proteins domain (PRO) of the Listeria protein ActA, which binds 2 and 3 (Arp2/3) complex at the plasma membrane VASP ( Figure S1 in the Supplemental Data available with offers an explanation as to how movement is produced this article online). These beads were then immersed in [1], and this arrangement is considered to be optimal cell extracts containing endogenous Arp2/3 complex at for motility. Here, we challenged this assumption by 15 Ϯ 4 M, 120 Ϯ 50 nM VASP, and approximately using an in vitro system of polystyrene beads in cell 5 M actin as characterized by quantitative Western extracts that contained a complex mix of actin polyblotting. merization proteins as in vivo. We employed the surExperiments were performed with 0.5 or 4.5 m diamface of the bead as a reactor where we mixed two eter asymmetric beads shadowed before protein addifferent actin polymerization-activating factors, the sorption with SiO. In both cases, beads moved propelled Arp2/3 complex and the vasodilator-stimulated phosby an actin comet. Beads coated with the mixture of phoprotein (VASP), to examine their contribution to acproteins VCA and PRO are designated by "% mole tin-based movement and filament organization. We PRO," indicating the proportion of PRO as compared varied the coating of the bead surface but left the to total protein (VCA and PRO) in the bead-coating mix. extracts identical for all assays. We found that the The coating conditions were such that the amount of degree of filament alignment in the actin comet tails PRO on the bead surface could be increased, while the depended on the surface ratio of VASP to Arp2/3. quantity of VCA remained the same with an average Alignment of actin filaments parallel to the direction spacing between VCA molecules of 6 Ϯ 1 nm (25 meaof bead movement in the presence of VASP was acsurements), for both 0.5 m and 4.5 m beads (Figcompanied by an abrupt 7-fold increase in velocity ure S2). that was independent of bead size and by hollowing
Figure 1. Increasing Percent Mole PRO Produces an Increase in Length and Alignment of Filaments in Actin Comet Tails Electron microscopy of platinum replica of beads coated with (A) 0% mole PRO, (B) 2.1% mole PRO, and (C) 7.6% mole PRO. (D) and (E)
show the distributions of observable filament lengths and angles, respectively, for 0%, 2.1%, and 7.6% mole PRO beads. For each condition, platinum replica electron micrographs of 5-6 beads are analyzed. Filaments are examined with Metamorph software in a 500 nm by 500 nm area, 250 nm from the surface of the bead. Filaments are traced from a branch point or from the point where they emerge from the network to the end of the filament or to the point where the filament disappears into the network. Filaments that extend beyond the 500 ϫ 500 nm square are not counted. The angles refer to the orientation of the filaments relative to the direction of movement of the bead, and the absolute values are used, i.e., deviations to one or the other side of the normal to the surface of the bead are both taken as positive. For curved tails, the filament angle is normalized to the direction of the movement at the place where the analysis is performed. The filament count is represented as a percent of the total number of filaments counted (0% mole PRO: 327 filaments from 5 comets; 2.1% mole PRO: 616 filaments from 5 comets; 7.6% mole PRO: 374 filaments from 6 comets). Average values for lengths and the most probable angle values are represented on each graph. (F) Filament alignment is evident throughout the length of the comet for a 10.3% mole PRO comet. Boxed regions in the middle and end of the comet shown in (F) correspond to the magnified images in (G) and (H), respectively. The scale bars represent 500 nm. mole PRO beads was even more readily seen in the the tail are shown in Figures 1G and 1H , respectively. The aligned array of filaments observed for high-percent body of the comet away from the surface of the bead. Figure 1F shows a 10.3% mole PRO bead at low magnifimole PRO comets is reminiscent of filopodia [11] and of comet tails associated with Listeria protruding at the cation; higher magnifications of the middle and end of hancement (Table S1 ). Bead velocity enhancement by VASP has previously been observed [2], although this is the first time that such a large increase (7-fold) has been documented. Strikingly, larger 4.5 m diameter beads displayed approximately the same speed as small beads (ϫ symbols and filled circles in Figure 2) . The fact that small and large beads move at the same speed indicates that we cannot describe our results in terms of a tethered ratchet model, which predicts faster movement with larger beads [14] . Movement of beads as large as 4.5 m in diameter has previously been observed only in the mixture of purified proteins, but the movement is saltatory and corresponds to lower average speeds [15] . In cell extracts, large beads generally form a spherical actin gel that rarely undergoes symmetry breaking [16, 17] .
The comet structure observed by electron microscopy of platinum replica reveals the filament organization on the outer surface of the comet only. We used the 4.5 Figure S4 ). There was also very little Arp2/3 complex present in the tails of rapidly moving beads ( Figure S4 ), which agrees with the electron microscopy plasma membrane [12] . Conversely, the branched strucobservation that there was little branching in these ture observed for VCA beads is similar to that present comets. The presence of aligned filaments in the comets in the lamellipodia [7] . Indeed, the most probable angle could indicate a reorganization produced by actin for filaments associated with VCA-coated beads was filament-bundling proteins, like fascin and fimbrin. Alabout 30Њ, which is as expected from the presence of though both were present in extracts at 2 M as meaa 70Њ-branching angle produced by the Arp2/3 complex, sured by quantitative Western blotting (see Experimenwhich straddles the direction of movement [7, 13] .
m/min (
tal Procedures), fascin was not detectably recruited to When coated exclusively with VCA, 0.5 m diameter either VCA or VCA/PRO comets. In addition, no preferenbeads, which have a highly branched actin organization tial fimbrin recruitment to comets generated by VCA/ as shown by electron microscopy ( Figure 1A ), move at PRO-coated beads was observed. In fact, more fimbrin an average speed of 1.5 Ϯ 0.3 m/min (open circles in was associated with comets on VCA-coated beads, as Figure 2 ). This velocity was increased dramatically to a expected from the increased amount of actin present. value of about 10 m/min for 3%-19% mole PRO. As a All together, our results raise two main questions: specific example, the velocity of a 7.6% mole PRO bead, how does the recruitment of VASP to the bead surface displaying an aligned structure when viewed by electron enhance speed by producing hollow comets, and why microscopy ( Figure 1C . This results in a decrease in overall translocation rate unlike in our case, where filaments were sis of movement predicts that the actin gel will be pulled off where the normal stress is highest, resulting in the aligned with the movement and correlated with enhanced speed. formation of a hollow comet [5] as sketched in Figure  4 . We speculate that this rupture would occur at a con-A recent study, using an all-or-nothing Arp2/3 washout method, shows similar results of filament alignment centration of VASP where attachment forces become (both Institut Curie, Paris). Glutathione S-transferase (GST) fusions of the VCA fragment WASP (amino acids 402-503), and the ActA fragments PRO (amino acids 235-584) and ActA-C (amino acids 394-584) were cloned and purified as previously described [15, 21] . branched network was not necessarily associated with optimized movement, and this might explain why lamelli-
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